Abs tract. To characterize glucose counterregulatory mechanisms in patients with noninsulin-dependent diabetes mellitus (NIDDM) and to test the hypothesis that the increase in glucagon secretion during hypoglycemia occurs primarily via a paracrine islet A-B cell interaction, we examined the effects of a subcutaneously injected therapeutic dose ofinsulin (0.15 U/kg) on plasma glucose kinetics, rates of glucose production and utilization, and their relationships to changes in the circulating concentrations of neuroendocrine glucoregulatory factors (glucagon, epinephrine, norepinephrine, growth hormone, and cortisol), as well as to changes in endogenous insulin secretion in 13 nonobese NIDDM patients with no clinical evidence of autonomic neuropathy. Compared with 11 age-weight matched nondiabetic volunteers in whom euglycemia was restored primarily by a compensatory increase in glucose production, in the diabetics there was no compensatory increase in glucose production (basal 2.08±0. plasma insulin concentrations were similar in both groups (peak values 22±2 vs. 23±2 ,U/ml in diabetics and nondiabetics, respectively). This abnormality in glucose production was nearly completely compensated for by a paradoxical decrease in glucose utilization after injection of insulin (basal 2.11±0.03 -+ 1.86±0.06 mg/kg per min at 2/2 h in diabetics vs. basal 2.08±0.04 --2.39±0.11 mg/ kg per min at 2'/2 h nondiabetics, P < 0.01), which could not be accounted for by differences in plasma glucose concentrations; the net result was a modest prolongation of hypoglycemia. Plasma glucagon (area under the curve [AUCG above base line, 12±3 vs. 23±3 mg/ml. 12 h in nondiabetics, P < 0.05), cortisol (AUC 2.2±0.5 vs. 4.0±0.7 mg/dl-12 h in nondiabetics, P < 0.05), and growth hormone (AUC 1.6±0.4 vs. 2.9±0.4 ,g/ml. 12 h in nondiabetics, P < 0.05) responses in the diabetics were decreased 50% while their plasma norepinephrine responses (AUC 49±12 vs. 21±5 ng/ml-12 h in nondiabetics, P < 0.05) were increased twofold (P < 0.05) and their plasma epinephrine responses were similar to those ofthe nondiabetics (AUC 106±17 vs. 1 12±10 ng/ml -12 h in nondiabetics). In both groups of subjects, increases in plasma glucagon were inversely correlated with plasma glucose concentrations (r = -0.80 in both groups, P < 0.01) and suppression of endogenous insulin secretion (r = -0.57 in nondiabetics and -0.64 Volume 73, June 1984, 1532-1541 Our results thus indicate that glucose counterregulatory mechanisms are abnormal in patients with NIDDM: impaired glucagon, growth hormone, cortisol, and perhaps epinephrine responses during hypoglycemia could all contribute to a lack of compensatory increase in glucose production while near normal (epinephrine) and increased (norepinephrine) release ofcatecholamines in the presence of resistance to insulin in peripheral tissues may explain the accompanying suppression of glucose utilization. The inverse relationship between increases in plasma glucagon and suppression of insulin secretion observed during hypoglycemia in both nondiabetic and diabetic subjects is incompatible with the concept that deinhibition of glucagon secretion via a paracrine islet A-B cell interaction is a major factor responsible for the increase in glucagon secretion during hypoglycemia. Our results suggest that the plasma glucagon response to hypoglycemia is predominantly the result of a stimulatory effect of decreased extracellular glucose concentrations on the A cell.
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plasma insulin concentrations were similar in both groups (peak values 22±2 vs. 23±2 ,U/ml in diabetics and nondiabetics, respectively). This abnormality in glucose production was nearly completely compensated for by a paradoxical decrease in glucose utilization after injection of insulin (basal 2.11±0.03 -+ 1.86±0.06 mg/kg per min at 2/2 h in diabetics vs. basal 2.08±0.04 --2.39±0.11 mg/ kg per min at 2'/2 h nondiabetics, P < 0.01), which could not be accounted for by differences in plasma glucose concentrations; the net result was a modest prolongation of hypoglycemia. Plasma glucagon (area under the curve [AUCG above base line, 12±3 vs. 23±3 mg/ml. 12 h in nondiabetics, P < 0.05), cortisol (AUC 2.2±0.5 vs. 4.0±0.7 mg/dl-12 h in nondiabetics, P < 0.05), and growth hormone (AUC 1.6±0.4 vs. 2.9±0. 4 ,g/ml. 12 h in nondiabetics, P < 0.05) responses in the diabetics were decreased 50% while their plasma norepinephrine responses (AUC 49±12 vs. 21±5 ng/ml-12 h in nondiabetics, P < 0.05) were increased twofold (P < 0.05) and their plasma epinephrine responses were similar to those ofthe nondiabetics (AUC 106±17 vs. 1 12±10 ng/ml -12 h in nondiabetics). In both groups of subjects, increases in plasma glucagon were inversely correlated with plasma glucose concentrations (r = -0.80 in both groups, P < 0.01) and suppression of endogenous insulin secretion (r = -0.57 in nondiabetics and -0.64 in diabetics, both P < 0.05). The slope for the relationship between plasma glucagon responses and plasma glucose concentrations was reduced in the diabetics (1.2 vs. 2.3 in nondiabetics), suggesting decreased pancreatic A cell sensitivity to glucose.
Our results thus indicate that glucose counterregulatory mechanisms are abnormal in patients with NIDDM: impaired glucagon, growth hormone, cortisol, and perhaps epinephrine responses during hypoglycemia could all contribute to a lack of compensatory increase in glucose production while near normal (epinephrine) and increased (norepinephrine) release ofcatecholamines in the presence of resistance to insulin in peripheral tissues may explain the accompanying suppression of glucose utilization. The inverse relationship between increases in plasma glucagon and suppression of insulin secretion observed during hypoglycemia in both nondiabetic and diabetic subjects is incompatible with the concept that deinhibition of glucagon secretion via a paracrine islet A-B cell interaction is a major factor responsible for the increase in glucagon secretion during hypoglycemia. Our results suggest that the plasma glucagon response to hypoglycemia is predominantly the result of a stimulatory effect of decreased extracellular glucose concentrations on the A cell.
Introduction
It is well established that glucose counterregulatory mechanisms are abnormal in insulin-dependent diabetes mellitus (IDDM)' (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . During insulin-induced hypoglycemia in patients with this disorder, plasma glucagon generally does not increase (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) ; plasma epinephrine responses are frequently blunted (5) (6) (7) (8) (9) (10) (11) (12) , even in the absence of clinically detectable autonomic neuropathy (6, (7) (8) (9) (10) (11) (12) ; and sometimes plasma growth hormone and cortisol responses are impaired (3, 8, 11, 12) . As a result ofthese abnormalities there is an exaggerated suppression of hepatic glucose production (4, 8, 9, 12) , which may lead to severe and prolonged hypoglycemia (8, 9, 12) .
In contrast, relatively little is known concerning glucose counterregulation in patients with noninsulin-dependent diabetes mellitus (NIDDM). In the four previous studies that we are aware of that dealt with this issue, (3, (13) (14) (15) , no consensus was reached concerning the appropriateness of counterregulatory hormone responses (3, (13) (14) (15) . Furthermore, no data are presently available concerning changes in glucose production and glucose utilization or the ability to restore euglycemia. The occurrence of prolonged hypoglycemia unassociated with hyperinsulinemia during sulfonylurea treatment suggests that glucose counterregulation may be impaired in some patients with NIDDM (16, 17) .
The pancreatic A cell response to hypoglycemia in patients with NIDDM is of particular interest, not only because of its important role in glucose counterregulation (1) but also because 1. Abbreviations used in this paper: AUC, area under the curve; IDDM, insulin-dependent diabetes mellitus; NIDDM, noninsulin-dependent diabetes mellitus.
of the recently proposed hypothesis (18, 19) that the A cell response to hypoglycemia is primarily due to a paracrine islet A-B cell interaction. According to this hypothesis, the decrease in insulin secretion that occurs during hypoglycemia (20) lowers intraislet insulin concentrations and causes deinhibition of glucagon secretion due to locally released insulin. It has been suggested that the lack of this decrease in intraislet insulin concentrations may explain the absence of a plasma glucagon response during hypoglycemia in IDDM (18, 19) . Since patients with NIDDM still maintain some B cell function, albeit decreased (21) , examination of the relationship between changes in insulin secretion and plasma glucagon responses during hypoglycemia affords the opportunity to test this hypothesis.
The present studies were therefore undertaken to characterize glucose counterregulatory mechanisms in NIDDM and to test the hypothesis that the increase in glucagon secretion during hypoglycemia occurs primarily via a paracrine islet A-B cell interaction. For these purposes we examined the effects of a subcutaneously injected therapeutic dose of insulin on plasma glucose kinetics, and on rates ofglucose production and glucose utilization and their relationships to changes in the circulating concentrations of neuroendocrine glucoregulatory factors (glucagon, epinephrine, norepinephrine, growth hormone and cortisol), as well as changes in endogenous insulin secretion in 13 nonobese NIDDM patients without clinical evidence of autonomic neuropathy and in 11 age-weight-matched nondiabetic volunteers. Our results indicate that in NIDDM there are multiple defects in glucose counterregulatory mechanisms, and provide evidence against the hypothesis that increases in glucagon secretion during hypoglycemia result from a paracrine islet A-B cell interaction.
Methods
Subjects. Informed written consent was obtained from 13 nonobese patients with NIDDM and from 11 normal volunteers matched for mean age and weight who had no family history of diabetes. The clinical features of the subjects are detailed in Table I . Relatively more women were present in the control group. The diabetic subjects were otherwise healthy and had no symptoms or clinical evidence of autonomic neuropathy, as assessed by the methods of Hilsted et al. (22) and Ewing et al. (23) .
Protocol. All subjects were studied in the postabsorptive state after an overnight fast. The diabetic subjects being treated with insulin were withdrawn from their intermediate-acting insulin (NPH or lente) for 48 h before the study and were managed by 3-4 daily preprandial subcutaneous injections of regular insulin, the last of which was given at least 16 h before the study. The one diabetic being treated with a sulfonylurea agent had this medication stopped 1 wk before the study. On the evening before the study, the diabetic subjects were admitted to the Mayo Clinic Clinical Study Unit, connected to a closed-loop insulin infusion device (biostator; Life Science Instruments Div., Miles Laboratories Inc., Elkhart, IN), and were maintained euglycemic (84-99 mg/ dl, venous blood) overnight (at least 10 h) by intravenous infusions of insulin (0.18±0.02 mU/kg per min). Nondiabetic subjects were admitted to the Clinical Study Unit between 6 and 7 a.m. of the study day and placed at bedrest. In both groups of subjects a hand vein was cannulated retrogradely with a 19-gauge butterfly needle and the hand was maintained in a thermoregulated box (550C) for intermittent sampling of arterializedvenous blood (24) . A primed (18 8Ci) continuous (0.18 gCi/min) infusion of [3-3H1glucose (New England Nuclear, Boston, MA) was begun in a contralateral forearm vein for determination ofrates ofglucose production and utilization; at least 2 h were allowed for isotopic equilibration. After obtaining base-line blood samples, regular pork insulin (0.15 U/kg, U-100, Iletin II; Eli Lilly & Co., Indianapolis, IN) was injected in the abdomen 2 cm to the right or left of the umbilicus.
Analytical techniques. Blood samples were collected at 30-min intervals over 12 h for determination of plasma glucose (YSI glucose analyzer; Yellow Springs Instrument Co., Yellow Springs, OH), glucose radioactivity (25) , free insulin (both in controls and diabetic subjects) (26), glucagon (27) , C-peptide (28), epinephrine (29) , norepinephrine (29) , cortisol (30), growth hormone (31), free fatty acids (32) , and f3-hydroxybutyrate (33) by previously described methods. Rates of glucose production and utilization were calculated using the nonsteadystate equations of DeBodo et al. (34) and were "smoothed" according to the method of Miles et al. (35) . Insulin secretion rates were calculated based on changes in plasma C-peptide concentrations using equations derived from a two compartmental model (36) ; a distribution space for C-peptide of 80 ml/kg was used instead of the 41-ml/kg distribution space of albumin originally proposed, since analysis of the C-peptide data (37) from which the fractional disappearance rates for C-peptide were obtained for the model yielded a distribution space of 80 ml/kg. Insulin antibody binding was determined by a modification ofthe method of Goldman et al. (38) . Glycosylated hemoglobin was determined by a microcolumn ion exchange method (39) after a 6-h incubation of erythrocytes in 0.9% saline.
Statistical analyses. Unless stated otherwise, data in text and figures are given as mean±SE of the mean; paired data were analyzed using one-way analysis of variance corrected for repeated measurements, and unpaired data were analyzed using the Rank Sum Test (40) . A P value < 0.05 was considered significant. The correlation between plasma glucagon responses and plasma glucose concentration, suppression of endogenous insulin secretion, C-peptide responses to glucagon, and basal insulin, insulin secretion rates were first examined using multivariate analysis and, after it was determined that plasma glucagon responses were correlated with one ofthese parameters independent of the plasma glucose concentration, these relationships were examined using least squares linear regression (40) .
Results
Plasma insulin, C-peptide, and insulin secretion rate (Fig 1) . Before injection of insulin, plasma insulin concentrations in the diabetics, who were being infused with insulin, were greater than those of the nondiabetics (11±2 vs. 7±1 AU/ml, respectively, P < 0.01). After injection of insulin, plasma insulin concentrations increased to similar peak levels in diabetics (22±2 ,U/ ml) and nondiabetics (23±2 MU/ml) between 1 and 3 h, and subsequently returned to basal values between 6 and 8 h. After injection of insulin, plasma insulin concentrations in the diabetics and nondiabetics were not significantly different at any time during the study. Before injection ofinsulin, plasma C-peptide concentrations in diabetics were significantly less than those of nondiabetics (0.43±0.08 vs. 1.40±0.14 ng/ml, P < 0.01). After injection of insulin, plasma C-peptide concentrations decreased in both diabetics and nondiabetics to similar nadirs (0.13±0.02 vs. 0.18±0.02 ng/ml, respectively) between 4 and 6 h, and subsequently increased progressively to 0.38±0.06 and 0.77±0.07 ng/ ml, respectively, at 12 h (P < 0.01, diabetics vs. nondiabetics).
Before injection of insulin, calculated rates of insulin secretion in the diabetics were only one-third the rates in the nondiabetics (5.6±1.0 vs. 18.6±1.9 mU/min, respectively, P < 0.01). After injection of insulin, insulin secretion rates decreased >85% in diabetics and nondiabetics (to 0.9±0.1 vs. 0.6±0.2 mU/min, respectively) between 4 and 6 h, and subsequently increased progressively to 5.4±1.4 and 10.1± 1.0 mU/ min, respectively, after 12 h (P < 0.01, diabetics vs. nondiabetics).
Plasma glucose concentrations and rates ofglucose production and utilization (Fig. 2, Table II ). Before injection of insulin, plasma glucose concentrations were not significantly different in diabetics (97±2 mg/dl) and nondiabetics (94±1 mg/dl). After injection of insulin, plasma glucose decreased in both groups to similar nadirs between 3 and 5 h (61±4 vs. 62±2 mg/dl in diabetics and nondiabetics, respectively). The subsequent rate ofincrease in plasma glucose was significantly less in the diabetics than in the nondiabetics (2.4±0.4 vs. 3.6±0.4 mg/dl per min, respectively, P < 0.05), so that during the last 8 h of the study the mean plasma glucose concentration in the diabetics was significantly lower than that of the nondiabetics (68±2 vs. 76±1 mg/dl, P < 0.05). Responses in insulin-treated diabetics did not differ significantly from responses in the noninsulin-treated diabetics (Table II) . Postnadir rates of increase in plasma glucose concentration were negatively correlated with insulin secretion rates during this period in both diabetics (r =-0.63, P < 0.05) and nondiabetics (r = -0.64, P < 0.05).
Before (Fig. 3) . Before injection of insulin, plasma free fatty acid and f3-hydroxybutyrate concentrations were similar in diabetics (0.40±0.06 and 0.20+0.05 mM, respectively) and nondiabetics (0.36±0.04 and 0.23±0.05 mM, respectively). After injection of insulin in the nondiabetics, both plasma free fatty acid and f3-hydroxybutyrate levels decreased initially (to 0.12±0.02 and 0.02±0.01 mM, respectively, at 2 h, P < 0.01), and then increased progressively to 0.86±0.06 and 0.90±0.16 mM, respectively, at 12 h, P < 0.01. In contrast, in the diabetics, neither plasma free fatty acid nor (3-hydroxybutyrate levels decreased after injection ofinsulin. Plasma free fatty acids were similar in diabetics (0.98±0.09 mM) and nondiabetics at 12 h but plasma fl-hydroxybutyrate concentrations were nearly twofold greater in the diabetics (1.72±0.38 mM, P < 0.01). Responses in insulin-treated and noninsulin-treated diabetics were similar (data not shown).
Plasma glucagon, epinephrine, norepinephrine, growth hormone, and cortisol responses (Fig. 4, Table II ). Before injection of insulin, plasma glucagon (95±9 vs. 103±13 pg/ml), epinephrine (43±5 vs. 41±5 pg/ml), norepinephrine (214±14 vs. 251±15 pg/ml), growth hormone (1.9±0.5 vs. 1.2±0.3 pg/ml), and cortisol (8.7±0.7 vs. 9.7±1.2 gg/dl) were comparable in diabetics and nondiabetics, and each increased to peak values between 3 and 5 h in both groups (Fig. 4) . Despite the fact that the diabetics had significantly lower plasma glucose concentrations during the last 8 h of the study, their overall plasma glucagon, growth hormone, and cortisol responses were all decreased nearly 50% compared with responses in the nondiabetics (P < 0.05), whereas their plasma norepinephrine responses were increased more than twofold (P < 0.05) and their plasma epinephrine responses were similar to those of the nondiabetics; responses in insulin-treated diabetics were not significantly different from those of noninsulin-treated diabetics (Table II) .
Relationship between plasma glucagon responses, plasma glucose concentrations, and changes in insulin secretion (Fig.   S) . To examine pancreatic A cell responses in further detail, the relationships between increments in plasma glucagon, plasma glucose concentration, and percentage of suppression of endogenous insulin secretion at 3 h after injection of insulinthe time at which plasma glucagon responses were maximal and both plasma glucose and insulin secretion were at their nadirs-were assessed using multivariate analysis.
There was a significant correlation between the increment in plasma glucagon and the level to which the plasma glucose concentration had decreased in both nondiabetics (partial correlation coefficient -0.80, P < 0.006) and diabetics (partial correlation coefficient -0.80, P < 0.002). Linear regression analysis of the increment in plasma glucagon vs. the plasma glucose concentration (Fig. 5, left) yielded intercepts that were similar in both groups (94 vs. 93 mg/dl in diabetics and nondiabetics, respectively), but the slope was nearly twice as great in the nondiabetics as in the diabetics (2.3 vs. 1.2). There was also a significant inverse relationship between plasma glucagon responses and suppression of insulin secretion (Fig. 5, right) in both the diabetics (partial correlation coefficient -0.78, P < 0.003) and in the nondiabetics (partial correlation coefficient -0.70, P < 0.02), indicating that, independent of changes in plasma glucose concentration, the less the sUppression of endogenous insulin secretion the greater the plasma glucagon response. There was no significant correlation between plasma glucagon responses to hypoglycemia and either base-line insulin secretion rate or plasma C-peptide responses to intravenous glucagon, an index of B cell reserve (41) were an absence of a compensatory increase in glucose production and a paradoxical decrease in glucose utilization after administration of insulin. The net result of these alterations, however, was only a modest prolongation of hypoglycemia. Accompanying these abnormalities were deficiencies in the responses ofseveral counterregulatory hormones (glucagon, growth hormone, and cortisol); an excessive increase in the plasma norepinephrine response was also observed, but this may have been appropriate for the prolonged hypoglycemia. Indeed, plasma epinephrine responses may also have been impaired, since the more prolonged hypoglycemia in the diabetics should have evoked a greater than normal epinephrine response. The abnormality in glucose production in the diabetics occurred during a period in which systemic plasma insulin and C-peptide concentrations as well as calculated rates of insulin secretion were either similar to or lower than corresponding values in the nondiabetics. This observation and the fact that resistance to the suppressive effect of insulin on hepatic glucose production has been recently demonstrated in NIDDM patients in dose-response experiments using the euglycemic clamp technique (42, 43) , strongly suggest that the exaggerated suppression of glucose production was the result of impaired counterregulatory mechanisms rather than of increased intrinsic sensitivity to insulin or exposure of the liver to increased insulin concentrations. The only neuroendocrine abnormality evident before or coincident with the appearance ofthe discrepant rates ofglucose production in the diabetic and nondiabetic subjects was that of plasma glucagon, which had increased only 25% as much in the diabetics as in the nondiabetics (7±5 vs. 27±8 pg/ml, respectively, at 90 min, P < 0.01). Given the importance ofchanges in glucagon availability of this magnitude on hepatic glucose production (44, 45) , it thus seems quite likely that the impaired plasma glucagon response of the diabetics contributed to their exaggerated suppression of glucose production after insulin administration. This conclusion is supported by the observation that prevention of the plasma glucagon response during hypoglycemia induced by intravenous insulin enhances suppression of glucose production and markedly attenuates the subsequent compensatory increase (46) . However, the impaired plasma glucagon response may not wholly account for the lack ofcompensatory increase in glucose production in the diabetics. Prevention of increases in plasma glucagon during insulin-induced hypoglycemia using somatostatin usually does not produce total lack of a compensatory increase in glucose production (46) , as was observed in the present study in diabetics who had only a 50% decreased plasma glucagon response. After 3 h, plasma growth hormone and cortisol responses were also decreased in the diabetics. Since these hormones can antagonize the suppressive effect of insulin on glucose production (47) (48) (49) may also have contributed to the lack of compensatory increase in glucose production in the diabetics.
Although catecholamines are thought to play an important role during glucose counterregulation in normal man (51, 52), and especially in patients with IDDM (1, 6, 7, 53) , it is clear that the augmented norepinephrine and apparently normal epinephrine responses were not able to compensate completely for the effects on glucose production of impaired response of the other counterregulatory factors. Theoretically, abnormal hepatic autoregulation (54) might have been an additional factor, but current evidence suggests that this process does not play a major role in glucose counterregulation (1, 5 1) .
Another prominent abnormality accompanying the exaggerated suppression of glucose production in the diabetics was a sustained paradoxical decrease in glucose utilization after administration of insulin. This decreased rate of glucose utilization almost completely compensated for the exaggerated suppression of glucose production, so that there was only a modest prolongation of hypoglycemia. Thus, in contrast to the situation in nondiabetics, where a compensatory increase in glucose production is a major mechanism responsible for restoration of euglycemia after insulin-induced hypoglycemia (46, 52, 55) , in patients with NIDDM who lack such a compensatory increase, suppression ofglucose utilization is the predominant mechanism responsible for restoration of euglycemia.
The cause for this paradoxical suppression of glucose utilization is unclear. This phenomenon was most apparent during the initial 3'/2 h after insulin administration, a period during which glucose utilization had increased in the nondiabetics. Plasma insulin and glucose concentrations were nearly identical in nondiabetics and diabetics during this period, thus excluding differences in insulin availability and in mass action effects of glucose as possible explanations. Since plasma growth hormone and cortisol concentrations were lower in the diabetics and their plasma epinephrine concentrations were similar to values in the nondiabetics, it is unlikely that differences in the secretion of these hormones were involved.
Although plasma norepinephrine increased to a greater extent in the diabetics, the concentrations achieved were below the threshold for norepinephrine to have exerted an effect as a hormone (56) . However, it is conceivable that norepinephrine may have exerted an effect via its increased release from sympathetic neurons or that its increased circulating levels may have acted in concert with the apparently normal plasma epinephrine levels. The recent observations that beta adrenergic blockade augments glucose clearance in patients with IDDM during insulin-induced hypoglycemia (57) and reverses suppression of glucose clearance during infusion of epinephrine in normal man (58) (42, 43, 59) . Evidence for the presence of peripheral tissue resistance to insulin in the diabetics during the present study is the observation of impaired suppression of lipolysis in the diabetics after administration of insulin. Thus, peripheral tissues of the diabetics would be expected to be more sensitive to counterregulatory hormones. Since growth hormone and cortisol responses were decreased, our data are most consistent with an interaction between insulin resistance and the near normal epinephrine and increased norepinephrine responses as the most likely explanation for the paradoxical decrease in glucose utilization in the NIDDM patients.
Abnormalities in glucose counterregulation qualitatively similar to those found in the present study in patients with NIDDM are found in patients with IDDM (1-12). However, greater and more prolonged hypoglycemia generally occurs in patients with IDDM (6-12) and is frequently followed by rebound hyperglycemia (6, 12) . The greater hypoglycemia in IDDM appears to be largely explicable on the basis ofa prolonged half-life of insulin, due to the presence of insulin antibodies (7, 12) along with more severe impairment in neuroendocrine counterregulatory responses, since, for example, plasma glucagon responses are generally absent and plasma epinephrine responses are frequently blunted in IDDM (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) , whereas in patients with NIDDM in the present study plasma glucagon responses were merely blunted and plasma epinephrine responses were similar to those ofthe nondiabetic subjects. It should be pointed out, however, that the NIDDM patients examined in the present study had relatively mild diabetes ofshort duration, and in those treated with insulin, insulin antibody binding was quite low. It is thus possible that abnormalities as severe as those found in IDDM may occur in NIDDM patients with diabetes of greater severity and longer duration.
The lack of posthypoglycemic hyperglycemia in patients with NIDDM seems most likely to be related to their residual islet B cell function. In the present study, insulin secretion increased in patients with NIDDM as plasma glucose concentrations increased toward normoglycemic values, so that by the end of the study insulin secretion rates in the diabetics were about one-half the rates seen in the nondiabetics. Furthermore, a significant negative correlation was observed between rates of increase in plasma glucose concentrations and insulin secretion rates during this period in the diabetics. In patients with IDDM who develop posthypoglycemic hyperglycemia when studied under conditions similar to those of the present study and who are more severely insulin deficient, rates of increase in plasma glucose concentrations after insulin-induced hypoglycemia are inversely correlated with residual circulating insulin concentrations (12) .
The cause of the impaired pancreatic A cell response to hypoglycemia in patients with diabetes mellitus has been the subject of much speculation (1, 17, 18, (60) (61) (62) . Most recently it has been proposed that a paracrine islet A-B cell interaction is normally the major determinant of the increase in glucagon secretion during hypoglycemia (18, 19) . According to this hypothesis, the decrease in insulin secretion that occurs during hypoglycemia lowers intraislet insulin concentrations and causes deinhibition of glucagon secretion due to insulin. It has been further proposed (18, 19) that lack of this decrease in intraislet insulin concentrations may explain the absence of a plasma glucagon response during hypoglycemia in patients with IDDM. The finding in the present study of a reduced plasma glucagon response to insulin-induced hypoglycemia in NIDDM patients with a reduced B cell secretory capacity (assessed by the glucagonstimulation test) would seem to support this hypothesis.
However, if this hypothesis were correct, one would have anticipated finding a positive correlation between suppression of insulin secretion and plasma glucagon responses during hypoglycemia. In fact, the opposite was found; namely, in both nondiabetics and diabetics there was a negative correlation between suppression of insulin secretion and plasma glucagon responses during hypoglycemia. Furthermore, in both nondiabetics and diabetics, there was no correlation between plasma glucagon responses during hypoglycemia and either basal insulin secretion rates or B cell reserve. Thus, the findings ofthe present study argue that a simple paracrine islet A-B cell interaction is not the major determinant of the plasma glucagon response to hypoglycemia.
In the present studies, closed-loop infusion of insulin was used to maintain the diabetic subjects euglycemic overnight immediately before the induction of hypoglycemia; this resulted in modest peripheral hyperinsulinemia for 12-16 h in the diabetic subjects. Theoretically, this difference may have influenced the results of our experiments. However, for several reasons, this seems unlikely: first, the hyperinsulinemia was quite modest ( 1±2 vs. 7±1 MU/ml in the nondiabetics), and similar fasting hyperinsulinemia is common in NIDDM patients (42, 43) ; second, basal rates of glucose production and utilization were normal in our diabetic subjects, indicating that the modest hyperinsulinemia was probably appropriate for the insulin resistance known to accompany NIDDM (42, 43) ; third, subsequent plasma insulin concentrations after injection of insulin were not significantly different in the diabetics and nondiabetics; and finally, intensive insulin therapy in IDDM patients, which results in peripheral hyperinsulinemia (63), does not affect glucose counterregulation (64) .
In summary, the present studies indicate that glucose counterregulatory mechanisms are defective in patients with NIDDM. Several abnormalities in the neuroendocrine response to hypoglycemia (decreased glucagon, growth hormone, cortisol, and perhaps epinephrine secretion) are associated with a lack of a compensatory increase in glucose production. A paradoxical and extended suppression of glucose utilization, which could be explained by an interaction between insulin resistance and actions of catecholamines in peripheral tissues, partially compensates for the defect in glucose production so that the net effect is only a modest prolongation of hypoglycemia. The negative correlation between plasma glucagon responses and suppression of insulin secretion observed in both nondiabetic and diabetic subjects provide evidence against the hypothesis that increases in plasma glucagon during hypoglycemia result primarily from deinhibition of the A cell via a paracrine islet A-B cell interaction.
